Ubiquitin-dependent degradation is implicated in various cellular regulatory mechanisms. The SCF Cdc4 (Skp1, Cullin/Cdc53, and the F-box protein Cdc4) complex is an ubiquitin ligase complex that acts as a regulator of cell cycle, signal transduction, and transcription. These regulatory mechanisms are not well defined because of the difficulty in identifying the interaction between ubiquitin ligases and their substrates. To identify substrates of the yeast SCF Cdc4 ubiquitin ligase complex, we refined the yeast two-hybrid system to allow screening Cdc4-substrate interactions under conditions of substrate stabilization, and identified Swi5 as a substrate of the SCF Cdc4 complex. Swi5 is the transcriptional activator of Sic1, the inhibitor of S phase cyclin-dependent kinases (CDKs). We showed that Swi5 is indeed ubiquitinated and degraded through the SCF Cdc4 complex. Furthermore, the SCF Cdc4 -dependent degradation of Swi5 was required to terminate SIC1 transcription at early G 1 phase, which ensured efficient entry into S phase: Hyperaccumulation of Sic1 was noted in cells expressing stabilized Swi5, and expression of stabilized Swi5 delayed S phase entry, which was dominantly suppressed by SIC1 deletion. These findings indicate that the SCF Cdc4 complex regulates S phase entry not only through degradation of Sic1, but also through degradation of Swi5.
T
he importance of the ubiquitin/proteasome system in various cellular regulatory mechanisms has been established. Substrates are ubiquitinated by the enzymatic cascade of E1 (ubiquitin-activating enzyme), E2 (ubiquitin-conjugating enzyme), and E3 (ubiquitin ligase) (1) . E3s regulate the specificity of ubiquitination by directly binding to the substrates. The SCF (Skp1, Cullin/Cdc53 and the F-box proteins) ubiquitin ligase complexes belong to a class of E3s that are involved in the control of cell cycle, signal transduction, transcription, and development (2) . Identification of substrates for SCF-dependent ubiquitination is of great importance for our understanding of these regulatory mechanisms. For example, the finding that SCF Cdc4 (SCF complex with the F-box protein Cdc4) targets phosphorylated Sic1 for ubiquitin-dependent degradation revealed the molecular mechanism of S phase entry: Sic1 is the S phase CDK inhibitor in yeast and inhibits the initiation of S phase (3); SIC1 is expressed from late M phase until late G 1 phase; Sic1 becomes phosphorylated at late G 1 by G 1 -phase CDKs (G 1 cyclin/Cdc28) and by Pcl1/Pho85, another CDK in yeast (3) (4) (5) (6) (7) (8) ; phosphorylated Sic1 is then targeted for SCF Cdc4 -dependent ubiquitination, followed by degradation, an event ultimately leading to S-phase entry (3, 7, 8) . However, progress in understanding cellular regulation by the SCF complexes has been limited because of the lack of convenient methods to identify substrates for ubiquitination.
The yeast two-hybrid system is one of the most widely used genetic methods for identifying protein-protein interactions (9) . Various versions of this method have been described to expand its availability (10) (11) (12) (13) (14) . Nevertheless, F-box protein-substrate interactions are still difficult to identify by the two-hybrid system. Such interactions may not be maintained to levels sufficient for their detection because of the ubiquitin-dependent degradation of substrates. We therefore reasoned that F-box proteinsubstrate interactions could be identified by designing a twohybrid system to inhibit the degradation of substrates during screening.
We established a screening system for identification of F-box protein-substrate interactions, and identified a substrate of the SCF Cdc4 complex; Swi5, a transcription factor known to control the expression of SIC1 cluster genes, such as SIC1, EGT2, CDC6, and RME1 (15) . We showed that Swi5 is in fact a physiological substrate of the SCF Cdc4 complex and provide evidence for the importance of the SCF Cdc4 -dependent degradation of Swi5 in proper progression into the S phase.
Results

Screening for Substrates of the SCF Cdc4 Complex by a Two-Hybrid
System Designed to Inhibit Ubiquitination of Substrates. Although Sic1 is a substrate of the SCF Cdc4 complex, their interaction could not be detected by the conventional two-hybrid system (Fig. 1A , line 1). We rationalized that SCF Cdc4 -Sic1 interaction is not maintained at a level sufficient for its detection because Sic1 could be targeted for degradation through two pathways. Sic1 fused with a transcription activation domain (AD-Sic1), could be targeted for ubiquitin-dependent degradation by (i) Cdc4 fused to a DNA binding domain (BD-Cdc4) (degradation pathway I via the SCF BD-Cdc4 ) or by (ii) Cdc4 originated from yeast genome (degradation pathway II via the SCF Cdc4 ). We therefore designed a yeast two-hybrid system that inhibits these two-degradation pathways during screening. To inhibit degradation pathway I, we used as the bait a catalytically inactive mutant form of Cdc4-Cdc4-dF, which lacked the F-box motif but retained its substratebinding domain. To inhibit degradation pathway II, we used the temperature-sensitive (ts) cdc4-1 mutant cells, which are defective in ubiquitination of substrates at their restriction temperature (37°C), as host cells for screening. We transformed cdc4-1 mutants with plasmids encoding BD-Cdc4-dF (Cdc4-dF fused with BD), AD-Sic1, and reporter LacZ. After formation of transformant colonies, the two-hybrid interaction was monitored at 37°C.
Strong expression of LacZ was observed by using our refined system lacking both ubiquitination pathways I and II ( Fig. 1 A,  line 2 ). In contrast, LacZ expression was undetectable when either degradation pathway was active ( Fig. 1 A, lines 3-5 ). The interaction detected by our assay was relevant to biological function ( Fig. 1 A, line 6) ; it was abolished by sic1-0p mutations that inhibit phosphorylation by Cdc28 and Pho85 (6) . Such phosphorylation enables Sic1-Cdc4 interaction required for ubiquitination of Sic1. As control, LacZ expression was detected neither in Cdc4-dF nor in Sic1 alone ( Fig. 1 A, lines 7 and 8). Together, our refined two-hybrid system, which was designed to inhibit the two-degradation pathways, clearly detected Cdc4-dFSic1 interaction.
Isolation of substrates of the SCF Cdc4 complex was performed by following three screening steps. We first screened the yeast two-hybrid library. From Ϸ35,000 transformants, we identified 82 clones that consistently activated LacZ expression [see supporting information (SI) Text]. We next eliminated clones that produce false positives. We used two different assays with different specificities. The first assay was based on our criteria that Cdc4-dF-substrate interaction should be almost undetectable in wild-type cells (whose degradation pathway II is active). We transformed the potential positive plasmids into wild-type or cdc4-1 cells harboring the BD-Cdc4-dF construct and reporter LacZ gene, and selected 35 clones that did not activate LacZ expression in wild-type cells (examples of these clones are shown in Fig. 1B ). In the second assay, we compared the half-lives of candidate proteins in wild-type and cdc4-1 cells by the pulsechase experiments (SI Text), and selected five clones whose degradation depended on Cdc4 (examples are shown in Fig. 1C ). In the final step, sequence analysis revealed that these clones encoded GCN4 (two clones), SWI5 (16) , RCN1 (17, 18) , and SPO74 (19) . Gcn4 has been identified as a substrate of the SCF Cdc4 complex (20) . We focused our study on Swi5, because Swi5 is a transcription activator of SIC1 (15) and is reported to be stable in the G 2 -M phase when localized in the cytoplasm, but becomes destabilized after it moves into the nucleus in late M/G 1 phase (21) .
The validity of our strategy regarding another F-box protein was verified by using Grr1-dF (22) , the F-box deleted mutant form of another F-box protein, Grr1 (Fig. S1 ).
Swi5 Is a Substrate of the SCF Cdc4 Complex. We confirmed the SCF Cdc4 -dependent degradation of Swi5 during the cell cycle. We used the GAL-CDC20 method for synchronous cultivation from metaphase (23) . Synchrony through the cell cycle after the release was verified by analysis of cell cycle-regulated degradation of mitotic cyclin Clb2. Consistent with a previous report (21) , most of Swi5-Myc in TK769 (GAL-CDC20 SWI5-Myc) cells was degraded after release from the metaphase arrest ( Fig. 2A) . In contrast, degradation of Swi5-Myc decreased markedly in cells containing a temperature-sensitive cdc4-1, cdc34-2, or cdc53-1 mutation (TK770, 771, or 772) at their restriction temperatures ( Fig. 2 A and Fig. S2a ). CDC34 encodes the E2 enzyme of the SCF Cdc4 complex. Cellular localization of Swi5-Myc confirmed the above results ( Fig. 2B and Fig. S2b ). Swi5-Myc was localized in the cytoplasm at metaphase as reported (21) (Fig. 2B) . In wild-type cells (TK769), most of the immunofluorescence signals of Swi5-Myc rapidly decreased after release from the metaphase arrest (21) (Fig. 2B) , such that Ͻ20% of cells showed faint signals of Swi5-Myc in nuclei at 20 min after the release. In contrast, in cdc4-1, cdc34-2, or cdc53-1 mutants (TK770, 771 or 772), Swi5-Myc moved into the nucleus within 20 min after release and remained in the nucleus during the time-course experiments ( Fig. 2B and Fig. S2b) . These findings clearly demonstrate that Swi5 is degraded in the nucleus in a SCF Cdc4 -dependent manner.
We next examined whether phosphorylation of Swi5 is required for SCF Cdc4 -dependent degradation, because substrates of the SCF Cdc4 complex require phosphorylation for their interaction with Cdc4 (2). Swi5 has been shown to be phosphorylated at multiple sites (21) . We hypothesized that the phosphorylation sites required for the SCF Cdc4 -dependent degradation reside in the ''inhibitory domain'' of Swi5 (24) . The domain is suggested to be a degron that targets Swi5 for degradation in nucleus and is required to inhibit the Swi5-dependent expression of HO (an endonuclease required for mating type exchange) in daughter cells (24) . Unlike SIC1 cluster genes (whose transcription depends on Swi5), HO is expressed only in mother cells at late G 1 phase. A very small fraction of Swi5 inherited in mother cells is sequestrated by mother cell-specific factors and prevents degradation. Deletion of the inhibitory domain allows HO expression even in daughter cells, because of the stabilization of Swi5 (24) . There are eight potential sites ( 225 SP, 231 SP, 246 SP, 250 SP, 261 SP, 300 SP, 320 TP, and 323 TP) for proline-directed protein kinases, such as CDKs, in the inhibitory domain. To examine whether phosphorylation within the eight potential sites for phosphorylation is required for the SCF Cdc4 -dependent degradation of Swi5, we constructed a mutant form of Swi5; Swi5-ST8A, in which the eight residues in the inhibitory domain were substituted with nonphosphorylatable alanine residues. Mobilityshift assay of hexahistidine-and HA-tagged Swi5 (Swi5-HH) or Swi5-ST8A (Swi5-ST8A-HH) indicated that some of the eight residues were indeed phosphorylated in G 1 ( Fig. S3 ): (i) phosphorylated Swi5-HH was detected in G 1 phase (Fig. S3 Right) , and (ii) the fully phosphorylated form was absent in Swi5-ST8A-HH (Fig. S3 Left) . Furthermore, we found that Swi5- ST8A failed to interact with Cdc4-dF by using our refined two-hybrid system (Fig. S4) and that Swi5-ST8A was stabilized even after the degradation of Clb2 (Fig. 2C) . These results indicate that phosphorylation within the inhibitory domain is required for the SCF Cdc4 -dependent degradation of Swi5. We furthermore explored a kinase that is involved in the degradation of Swi5. Transcription factors such as Gcn4 and Hac1 are also degraded via the SCF Cdc4 complex, and such degradation depends on phosphorylation by one of the CDKSrb10 (25, 26) , a component of the SRB mediator complex in the RNA polymerase II holoenzyme (27) . We therefore tested whether Srb10 is involved in the SCF Cdc4 -dependent degradation of Swi5 (Fig. 2D) . Pulse-chase experiments showed that Swi5 was rapidly degraded in wild-type cells arrested in G 1 phase by ␣ factor, with a half-life of Ϸ10 min. The srb10⌬ mutation moderately stabilized Swi5. The half-life of Swi5 was extended to Ϸ20 min in srb10 mutants, indicating the involvement of Srb10 in the degradation of Swi5. However, Swi5-ST8A was highly stabilized in wild-type cells, with a half-life of Ͼ40 min. This stability was not changed in srb10⌬ mutants (Fig. 2D) , suggesting that Srb10 targets Swi5 for degradation through phosphorylation of the inhibitory domain. Considered together, these results strongly suggest the involvement of Srb10 in the SCF Cdc4 -dependent degradation of Swi5. However, another protein kinase(s) could also be involved in the degradation of Swi5 because Swi5-ST8A in G 1 -arrested wild-type cells was more effectively stabilized than Swi5 in G 1 -arrested srb10⌬ mutants (Fig. 2D) .
Finally, we examined the SCF Cdc4 -dependent ubiquitination of Swi5 in vivo. To ensure the ubiquitination of Swi5, we transformed pdr5⌬ mutants, which are permeable to the proteasome inhibitor MG132, with YC33G-SWI5-HA (the low-copy plasmid for expression of Swi5-HA from GAL1 promoter) and pCUPUbi HIS-MYC-RA (the plasmid for expression of a hexahistidine-and MYC-tagged K48R, G76A mutant ubiquitin from CUP1 promoter) (28) . Because Swi5 becomes unstable in G 1 phase, ubiquitination was examined in cells arrested in G 1 phase by ␣ factor. Fig. 2E clearly shows the ubiquitination of Swi5 in vivo, and that treatment with MG132 increased the fraction of ubiquitinated Swi5-HA (Fig. 2E, lanes 3, 4, 9 , and 10), indicating that ubiquitinated Swi5 is degraded by proteasome. Swi5 ubiquitination in vivo depended on the function of Cdc4 and on the phosphorylation of Swi5: Ubiquitination of Swi5-HA was markedly decreased in cdc4-1 pdr5⌬ double mutants (Fig. 2E, lanes 11 and  12) , and ubiquitination of Swi5-ST8A was also diminished (Fig. 2E,  lanes 7 and 8) . Ubiquitinated Swi5-HA was detectable neither in cells expressing Ubi HIS-MYC-RA alone (Fig. 2E, lanes 1 and 2) nor in cells expressing Swi5-HA in combination with the mutant ubiquitin that was not tagged with hexahistidine (Ubi MYC-RA ) (Fig. 2E , lanes 5 and 6). Taken together, our findings demonstrate that Swi5 is a physiological substrate of the SCF Cdc4 complex.
Degradation of Swi5 Contributes to Proper Entry into S Phase.
We tested the effect of the ubiquitin-dependent degradation of Swi5 on cell growth. The GAL-CDC20 SWI5-ST8A-HH cells (TK714) were viable but exhibited slow growth, as judged by the rate of colony formation (Fig. 3A) . They also showed a marked replication delay (Fig. 3B ). In the majority of GAL-CDC20 SWI5-HH cells (TK713), DNA replication started 60-80 min after release from the metaphase arrest, whereas replication of GAL-CDC20 SWI5-ST8A-HH cells (TK714) started at 80-100 min. The Sphase delay was dominantly suppressed by deletion of SIC1; the kinetics of S phase entry of GAL-CDC20 SWI5-ST8A-HH sic1⌬ cells (TK835) was similar to that of the GAL-CDC20 SWI5-HH sic1⌬ cells (TK832) (Fig. 3C) . Furthermore, SIC1 deletion suppressed the slow growth of GAL-CDC20 SWI5-ST8A-HH cells; GAL-CDC20 SWI5-HH sic1⌬ and GAL-CDC20 SWI5-ST8A-HH sic1⌬ cells showed similar growth rate judged by colony formation (Fig. 3A) . These results suggest that stabilized Swi5 delays S-phase entry through SIC1 and consequently causes slow growth. We hypothesized that stabilized Swi5 results in continuous expression of Sic1, which antagonizes the degradation of Sic1 at late G 1 and delays S-phase entry. To test this possibility, we first examined the effect of the degradation of Swi5 on the Swi5-dependent transcription of SIC1. GAL-CDC20 SWI5-HH (TK713) and GAL-CDC20 SWI5-ST8A-HH (TK714) cells released from metaphase arrest were harvested at 20 min intervals, and Northern blot analyses were performed (Fig. 3D) . SIC1 transcription reached a peak level at 20 min after release in both cells. However, the peak level of SIC1 transcription increased markedly in GAL-CDC20 SWI5-ST8A-HH (TK714) cells. In addition, transcription of SIC1 continued during the time course (at least until 100 min after release) in GAL-CDC20 SWI5-ST8A-HH (TK714) cells, whereas it disappeared suddenly as cells entered G 1 phase in GAL-CDC20 SWI5-HH (TK713) cells. The ST8A mutation did not change the profile of SWI5 mRNA (Fig. 3C) , indicating that the increased and prolonged transcription of SIC1 by ST8A mutation was not because of up-regulation of SWI5 transcription. Similarly, Swi5-dependent transcription of SIC1 was not terminated in cdc4-1 GAL-CDC20 (TK770) and cdc53-1 GAL-CDC20 (TK772) cells (Fig. S5 ). These results demonstrate that degradation of Swi5 via the SCF Cdc4 complex is required for down-regulation of SIC1 transcription at early G 1 phase.
We also compared the level of Sic1 protein.
To detect Sic1, we replaced SIC1 at its genomic locus in TK-713 and TK714 with SIC1-HA. The resultant GAL-CDC20 SWI5-HH SIC1-HA (TK779) and GAL-CDC20 SWI5-ST8A-HH SIC1-HA (TK780) cells were cultured synchronously from metaphase. As expected, Sic1 protein hyperaccumulated in GAL-CDC20 SWI5-ST8A-HH SIC1-HA cells (Fig. 3E) . This hyperaccumulation was associated with a delay in S-phase entry. Most of the TK779 cells entered S phase 80 min after the release when Sic1 protein level decreased; in contrast, most of the TK780 were still in G 1 phase at the same time point when Sic1 protein level was still high (Fig.  3E and Fig. S6 ). We also ruled out the possibility that Swi5-ST8A inhibits degradation of Sic1 (Fig. S7) ; the addition of cycloheximide (an inhibitor of protein synthesis), rapidly decreased the Sic1-HA protein level in both cells. Furthermore, the kinetics of degradation of Sic1-HA after the addition of cycloheximide in cells expressing SWI5-ST8A was similar to that in cells expressing SWI5. These results indicate that increased and continuous expression of Sic1 by stabilized Swi5-ST8A allows hyperaccumulation of Sic1 and in turn antagonizes Sic1 degradation at late G 1 phase, which results in S-phase delay. We conclude that the SCF Cdc4 -dependent degradation of Swi5 is required to terminate SIC1 transcription in early G 1 , which ensures proper progression into the S phase.
Discussion
In the present study, we established the refined two-hybrid system to identify substrates of the SCF Cdc4 complex and identified Swi5. To allow screening of Cdc4-substrate interactions under conditions of substrate stabilization, we introduced two modifications: (i) the use of the temperature-sensitive cdc4 mutants as host cells and (ii) the use of a catalytically inactive form of Cdc4, which lacks the F-box motif but retains the substrate-binding domain as bait. The use of Cdc4-dF as bait alone was unsuccessful for identification of Cdc4-dF-substrate interaction ( Fig. 1 A, line 4) . Expression of Cdc4-dF was viable and thus did not cause dominant negative phenotype in Cdc4-dependent degradation of substrates. Therefore, substrates might be cleared by degradation via Cdc4 originated in yeast, which consequently impedes Cdc4-dF-substrate interaction. To remedy this, we used the temperature-sensitive cdc4-1 mutants as host cells, in combination with the use of Cdc4-dF as bait ( Fig.  1 A, line 2) . A similar approach was also effective in detecting interaction between Grr1-dF (22) and Cln2 (Fig. S1 ), suggesting that our strategy can be applied for identifying substrates of the SCF complexes. To extend our technique to human proteins, it is necessary to phosphorylate substrates in yeast because phosphorylation is required for SCF complex-dependent degradation of substrates. Such difficulty can be overcome by ectopic expression of human kinases. For example, conditional expression of tyrosine kinase v-src enables the identification of substrates of tyrosine phosphatase by the yeast two-hybrid system (13) . Another version of our method is the use of proteasome mutants instead of cdc4-1 mutants. Treatment of cells with MG132, the proteasomal inhibitor, could also be valuable to detect F-box protein-substrate interaction in mammalian cells, where no ts mutant is readily available. We demonstrated that the SCF Cdc4 complex targets Swi5 for ubiquitin-dependent degradation, which results in termination of SIC1 transcription. Swi5-dependent transcription is activated by the mitotic exit network (MEN) pathway that controls mitotic exit (21, 29) . Swi5 is retained in the cytoplasm by Clb/Cdc28-dependent phosphorylation, whereas it enters the nucleus after dephosphorylation by Cdc14 protein phosphatase (a component of the MEN pathway) and activates transcription of Swi5-dependent genes. Therefore, the transcription activity of Swi5 is under cell cycle control. The MEN pathway and the SCF Cdc4 complex confine Swi5-dependent transcription within a narrow window in early G 1 phase.
The SCF Cdc4 complex plays a crucial role in regulating S-phase entry through ubiquitin-dependent degradation of Sic1 (3) . In this study, we demonstrated that SCF Cdc4 regulates S phase entry not only through degradation of Sic1, but also through degradation of Swi5. SCF Cdc4 -dependent degradation of Swi5 was required to terminate SIC1 transcription at early G 1 phase, thus ensuring efficient degradation of Sic1 and proper progression into S phase (Fig. 3, Figs. S6 and S7) . Consequently, cells expressing stabilized Swi5-ST8A, which is deficient in SCF Cdc4 -dependent degradation, delayed S-phase entry (Fig. 3B) . Thus, the SCF Cdc4 complex regulates S-phase entry through at least two hierarchies (Fig. 4) : (i) degradation of Sic1 at late G 1 phase and (ii) degradation of Swi5 at early G 1 phase. Degradation of Sic1 is strictly required for S-phase entry (3), whereas that of Swi5 ensures efficient entry into S phase. Degradation of Swi5 at early G 1 phase may reduce the risk of battle between synthesis and degradation of Sic1 at late G 1 phase, leading to tilt toward entry into S phase.
The mechanism that controls the timing of the degradation of Swi5 and that of Sic1 is likely to be specified by phosphorylation. Our results indicated that degradation of Swi5 requires Srb10, a CDK and component of the Srb10/mediator module of the RNA polymerase II holoenzyme (Fig. 2D ). Srb10-dependent phosphor ylation also triggers the SCF Cdc4 -dependent degradation of the transcriptional activators, Gcn4 and Hac1 (25, 26) . It was postulated that Srb10 targets promoter-bound Gcn4 and Hac1 for the SCF Cdc4 -dependent degradation and controls how long any single activator remains bound to the promoter. A similar transcription-dependent mechanism can converge on Swi5 degradation in the early G 1 phase, given that Swi5-dependent transcription is activated from late M phase. As a result, the majority of the Swi5 protein is degraded in early G 1 phase before START (24), the cell cycle point in G 1 phase that commits irreversible entry into cell cycle. However, Srb10 does not fully account for the rapid degradation of Swi5; Swi5-ST8A in wild-type cells was more effectively stabilized than Swi5 in srb10 mutants (Fig. 2D) , indicating that phosphorylation of the degron might be sustained by Srb10 and by an unidentified kinase in a parallel manner. On the other hand, degradation of Sic1 requires phosphorylation by G 1 -CDKs (Cln1/2-Cdc28 and Pcl1-Pho85 kinases) at late G 1 phase (3) (4) (5) (6) (7) (8) . The cyclin subunits of G 1 CDKs, CLN1/2 and PCL1, are transcribed by the SBF (Swi4/6) factor after START (30, 31) , and then activate phosphorylation of Sic1 at late G 1 phase. Our model is illustrated schematically in Fig. 4 .
The existence of another degradation pathway that does not require the phosphodegron cannot be ruled out. Though Swi5 became stabilized significantly by mutations within the inhibitory domain or mutations in CDC4, CDC53, or CDC34, Swi5 was still degraded in those cells. At present, the nature of Swi5 degradation pathway other than the SCF Cdc4 complex is unclear.
It has been established that transcription during a single stage of the cell cycle is terminated by repressors (or repressor activities) that are expressed by the following stages of the cell cycle (15, 32, 33) . Our results suggest that degradation of transcriptional activators can be an alternative mechanism for terminating cell cycle-dependent gene expression. The transcriptional coactivator Ndd1 (34), which is responsible for transcription of mitotic cyclin, Clb2, is also degraded at mitotic exit (35) . Degradation of Ndd1 contributes to the termination of CLB2 transcription, and degradation of Clb2 is required for mitotic exit. Degradation of transcriptional activators could assist in keeping the cell cycle forward. Fig. 4 . Schematic diagram of regulation of S-phase entry by the SCF Cdc4 complex. SCF Cdc4 complex regulates S-phase entry by degrading not only Sic1 at late G 1 phase but also Swi5 at early G1. Sic1 degradation is strictly required for S-phase entry, whereas Swi5 degradation is required to proper progression into S phase through termination of SIC1 transcription at early G 1 phase. Phosphorylation ensures timing of degradation of Swi5 and Sic1. Srb10 triggers degradation of Swi5 at early G 1, whereas G1-CDKs trigger degradation of Sic1 at late G1. In summary, we described a screening method for isolating Cdc4-substrate interaction. We identified Swi5, Rcn1, and Spo74 as substrates of the SCF Cdc4 complex. We demonstrated that Swi5 degradation is important for efficient turnover of Sic1, which promotes completion of G 1 phase and subsequent progression into S phase. Further analysis and identification of substrates of the SCF complexes could provide insights into precise molecular mechanisms governing cell cycle and other cellular functions.
Materials and Methods
Yeast Strain and Growth Conditions. Table S1 lists all yeast strains used in the present study. The strains were constructed and grown by using standard protocols (36) .
Chemicals. Cycloheximide (Sigma) was added to cultures at a final concentration of 50 g/ml. MG132 (Peptide Institute) was added at a final concentration of 50 M. The ␣ factor (Peptide Institute) was added to cultures at a final concentration of 10 g/ml.
